The diffuse dielectric anomaly by the dielectric relaxation found at the high-temperature region of 400-700°C was investigated in perovskite-type ferroelectric oxides such as BaTiO 3 , (Pb,La͒TiO 3 , and (Pb,La͒͑Zr,Ti͒O 3 ceramics. We observed that the diffuse dielectric anomaly in perovskite oxides was strongly affected by oxygen-related processing parameters. We have modified the Debye relaxation equation by introducing the mobile dipole of the thermal motion of oxygen vacancies in order to explain the temperature-dependent behavior of the diffuse dielectric anomaly. A relationship between the dielectric polarization/relaxation and the electrical conduction by the thermal motion of oxygen vacancies was microscopically suggested to explain the origin of the diffuse dielectric anomaly found at 400-700°C in perovskite-type ferroelectric oxides.
I. INTRODUCTION
It has been frequently reported that a Debye-type dielectric relaxation behavior is observed at the same temperature region of 400-700°C in perovskite-type ferroelectric oxides such as PbTiO 3 , BaTiO 3 , SrTiO 3 , CaTiO 3 , and its solid solutions. It is known as a diffuse dielectric anomaly or a rounded dielectric anomaly because of its frequencydependent diffusive shape. [1] [2] [3] [4] [5] [6] [7] Although this dielectric anomaly looks similar to the diffuse phase transition behavior, 2 it does not have any practical relationship with the phase transition, but a defect-related dielectric relaxation phenomenon. Several experimental evidences have already proved that the phase transition is not related to the diffuse dielectric anomaly. 5, 7 There have been various suggestions that the defects such as A-site vacancies, 3 space charge electrons, 5 or oxygen vacancies, 6, 7 or other impurities 4 are responsible for the dielectric relaxation at the high-temperature region, although a detailed polarization mechanism has not been clearly defined. Especially, it should be noted that any exceptions have not been reported in perovskite-type ferroelectric oxides containing titania. 7 Although Bidault et al. 5 have collected a number of data in order to clarify whether it occurs in all types of perovskite oxides, they did not give a definite conclusion on that question. It has remained unclear whether this diffuse dielectric anomaly is an extrinsic or an intrinsic effect.
Since the diffuse dielectric anomaly in the temperature range of 400-700°C is a Debye-type dielectric relaxation, the frequency dependence of the diffuse dielectric anomaly is well explained by the Debye relaxation equation. [5] [6] [7] [8] [9] [10] The activation energy for the dielectric relaxation is in the range of 1-2 eV in various perovskite-type oxides. [5] [6] [7] [8] [9] [10] These values were experimentally in quantitative agreement with the activation energies for the electrical conduction in perovskite-type ferroelectric oxides. Therefore, the dielectric polarization models by the space charge dipoles 5 or oxygen vacancy hoppings 6 were based on the Debye relaxation equation and experimental evidences. However, these models cannot make clear why the diffuse dielectric anomaly is observed in a frequency-dependent diffusive shape despite the fact that the frequency dependence of the diffuse dielectric anomaly is quite clearly explained by the Debye relaxation equation.
Recently, we have described the temperature-dependent behavior of the diffuse dielectric anomaly at the hightemperature region of 400-700°C in undoped and MnO 2 -doped Pb 0.9 La 0.1 TiO 3 ceramics and BaTiO 3 with a simple modified form of the Debye relaxation equation. [8] [9] [10] We have experimentally suggested that the relaxation strength term of the Debye relaxation equation should be modified to an exponential factor. However, we have not cleared the relationship between the dielectric relaxation/ polarization. Therefore, the main objective of this study is the clear understanding of the dielectric relaxation/polarization mechanism at the high-temperature region of 400-700°C, where the effect of the electrical conduction is no longer ignored in perovskite-type ferroelectric oxides. We first discuss whether the diffuse dielectric anomaly is extrinsic or intrinsic on the basis of the experimental results of various perovskite oxides, which have typically been referred to in the previous studies. We also suggest the relationship between the dielectric relaxation and the electrical conduction through the modified Debye relaxation equation. a͒ Electronic mail: sikchoi50@kaist.ac.kr
II. SAMPLE PREPARATION AND EXPERIMENTS
The ceramic samples were all prepared by the solid state sintering method. In the case of Pb-based ceramics such as Pb 1Ϫx La x TiO 3 ͑PLT, xϭ0.1 and 0.2͒, MnO 2 -doped PLT and Pb 1Ϫx La x Zr 0.6 Ti 0.4 O 3 ͑PLZT, xϭ0, 0.01, 0.05, and 0.1͒, the calcined PbZrO 3 powder was used as an agent for maintaining the Pb-rich sintering atmosphere. The sintering conditions were 10 h at 1100-1150°C for PLT and PLZT ceramics, and 0.5 h at 1300°C for BaTiO 3 ceramics. The sintering atmosphere was maintained in air, and O 2 flow, respectively. In the case of the single crystal of BaTiO 3 , the solid state single crystal growth method ͑SSCG͒, which originated from the abnormal grain growth of BaTiO 3 , was used.
11 BaTiO 3 ceramic samples, which were sintered with the above sintering condition ͑1300°C, 30 min͒, were heat treated at 1360°C in air. After 200 h, they were changed to a grain-boundaryfree state.
The x-ray diffraction analysis confirmed that all of the samples used for the measurement were monophasic under the detection limit of the equipment. The relative density was about 97%, which was measured by the water immersion method. Both sides of all the samples were polished to the thickness of 500 m for the measurement of the dielectric properties. They were electroded with silver paste and fired at 600°C for 30 min. The real and the imaginary capacitances were measured at 10 2 р f р10 6 Hz by a HP4192 impedance gain/phase analyzer in the temperature range of 25-700°C with the heating rate of 1°/min.
III. RESULTS AND DISCUSSION
A. Diffuse dielectric anomaly in perovskite-type ferroelectric oxides Table I shows the characteristics of the diffuse dielectric anomaly found in perovskite samples in this study. The diffuse dielectric anomaly in these systems such as BaTiO 3 or (Pb,La͒TiO 3 , except for PLZT(x/40/60) ceramics, have been already reported in the previous studies. 1-3,5,8 -10 The activation energy, E , for the dielectric relaxation was calculated from the Debye fitting process, using the following equation:
where ⑀ s is the static permittivity, ⑀ ϱ is the permittivity at high frequency, is the angular frequency, and is the mean relaxation time. The ⑀ s Ϫ⑀ ϱ is defined as the dielectric relax- In the case of PZT, the Debye fitting was not available because of the intensive low-frequency dispersion.
dispersion was so intensive that the frequency fitting was not available because the fitting parameter, the relaxation strength, was not exactly characterized. Figure 1 , typically, shows the frequency dependence of the real part dielectric constant and the Arrhenius plot of the relaxation time for MnO 2 -doped Pb 0.9 La 0.1 TiO 3 ceramics ͑in this case, ␤ϭ0.9͒. The activation energies shown in Table I are in the range of 1.0-1.8 eV, which agrees quantitatively with the previous studies. [5] [6] [7] It should be noted that the activation energy for the dielectric relaxation was lowly evaluated in the samples which have a relatively small amplitude of the diffuse dielectric anomaly.
These samples in Table I were all sintered in air. However, different results come out when they are sintered in the oxidized atmosphere of O 2 . Figure 2 shows the temperature dependence of the real part of the dielectric constant in various perovskite systems. The real dielectric constants at 1 kHz as a function of temperature in Pb 0.9 La 0.1 TiO 3 ͑PLT10͒, and Pb 0.8 La 0.2 TiO 3 ͑PLT20͒ ceramics are shown in Figs. 2͑a͒, and 2͑b͒. They were sintered in air and O 2 flow, respectively. The sharp dielectric anomaly of the phase transition occurs near 350°C in PLT10 ceramics, and 150°C for PLT20. According to the previous study, 12 the Curie temperature shifts to the lower side with about 17°C/mol as the doping amount of La into PbTiO 3 composition. Figure 2͑b͒ describes that the diffuse dielectric anomaly is strongly suppressed for the samples sintered in O 2 , while the sharp anomaly of the phase transition is not. This result proves that the diffuse dielectric anomaly in the same composition of (Pb,La͒TiO 3 ceramics is very sensitive to the oxidative sintering atmosphere.
In the case of MnO 2 -doped Pb 0.9 La 0.1 TiO 3 ceramics, the diffuse dielectric anomaly is found despite the oxidative sintering condition, as shown in Fig. 2͑c͒ . The diffuse dielectric anomaly is a common feature in both cases of undoped (Pb,La͒TiO 3 ceramics, 2, 5, 8 and MnO 2 -doped (Pb,La͒TiO 3 ceramics 3 regardless of La content when they are sintered in air. In the case of La-doped PbTiO 3 ceramics, it is known that the substitution of La 3ϩ into Pb 2ϩ site increases the Pb 2ϩ or Ti 4ϩ vacancies. 12 However, the vacancy distribution easily changes with the sintering condition such as temperature, time, impurity content, and sintering atmosphere in the La-doped PbTiO 3 system. 13 It is believed that Mn 2ϩ or Mn 3ϩ ions are substituted for the Ti site and act as acceptor ions when they are added into the perovskite structure. 14 -16 They stabilize oxygen vacancies in the lattice to compensate the electrical charge unbalance. The oxygen vacancies formed by the acceptor ions are expected to be thermodynamically stable for the local electrical neutralization. They will not be easily eliminated despite the O 2 sintering atmosphere. This result supports that the diffuse dielectric anomaly is closely related to the oxygen vacancies in perovskite oxides according to the previous studies. 5, 7 Inferring from these experimental results, it becomes clear that the diffuse dielectric anomaly in perovskite-type oxides is an oxygen vacancy-related extrinsic phenomenon. However, if the diffuse dielectric anomaly is intrinsically found, it should be observed in all perovskite oxides regardless of the processing parameters or the composition because oxygen vacancies can be thermally formed as the temperature increases. Therefore, it is suggested that the oxygen vacancies related to the diffuse dielectric anomaly are extrinsically formed during the sample preparation process. Figure  2͑d͒ shows the real part of the dielectric constant as a function of La content in PLZT ceramics. As the La content increases, the diffuse dielectric anomaly becomes strongly suppressed. There is no diffuse dielectric anomaly in the composition of PLZT͑10/40/60͒. This result supports that the diffuse dielectric anomaly is an extrinsic phenomenon. It is considered that the formation of oxygen vacancies are inhibited during the sintering process by the heavy doping of donor ions such as La 3ϩ ions for Pb 2ϩ in the case of PLZT͑10/ 40/60͒ systems.
However, these results did not reveal the relaxing species definitely. It is well known that the ionization of the oxygen vacancy will create the conducting electrons in the perovskite structure oxides containing titania, written as
where the ionization energies are 0.1 eV (V O ), and 1.4 eV (V O • ), respectively in the case of SrTiO 3 . 7 These electrons are easy to thermally activate, becoming conducting electrons. From this reason, it is not clear whether the relaxing species is the oxygen vacancy itself, or electrons released from the oxygen vacancy, which can be the source of the space charge polarization.
B. Review of the dielectric relaxation model
The diffuse dielectric anomaly found in the temperature range of 400-700°C is a very common dielectric relaxation phenomenon in perovskite-type ferroelectric oxides containing titania. The previous models tried to make clear the polarization species and its detailed polarization/relaxation mechanism. According to the previous studies as well as the above experimental results, it is clear that the oxygen vacancy is related to the dielectric polarization phenomenon. Recently, Zhi et al. have reviewed the overall dielectric relaxation models on the diffuse dielectric anomaly and suggested the oxygen vacancy hopping model. 7 They have explained that the short-range hopping of oxygen vacancies, similar to the reorientation of the dipole, leads to a dielectric relaxation peak, while the long-range motion leads to the dc electrical conduction. This model is based on the experimental fact that the activation energy of the dielectric relaxation is quantitatively similar to the electrical conduction in Bidoped SrTiO 3 ceramics.
According to the previous studies, 5-7 one of the most important experimental facts is that the activation energy for the dielectric relaxation shows a quantitative agreement with those for the electrical conduction in the temperature range of 400-700°C. The space charge model, 5 and the oxygen vacancy hopping model, 6 are based on these experimental facts. However, it should be considered that the electrical conductivity measured at this range is not the same as that of the relaxing species itself because various types of conducting carriers all contribute to the electrical conduction at the high-temperature region of 400-700°C, whether they are related to the dielectric relaxation/polarization or not. Therefore, a more-detailed relationship between the dielectric relaxation and the electrical conduction by the relaxing species should be established in the dielectric relaxation model for the diffuse dielectric anomaly at the high-temperature region.
In the ideal Debye relaxation equation, which has been the background for the previous models, it is assumed that the effect of the electrical conduction is ignored. A contribution term by the electrical conduction is generally added to the relaxation equation in the imaginary part when the electrical conductivity is not ignored, as shown in Eq. ͑3͒: where is the electrical conductivity. This relationship describes that the conducting carriers have no practical relationship with the real part variation. In this case, the conducting carriers do not contribute to the dielectric polarization, and the relaxation strength is generally fixed. The relaxation time has been a main parameter for the conventional Debye fitting. Figure 3 shows the schematically simulated diagrams on the frequency and the temperature dependences of the real part dielectric constant by the Debye relaxation equation. The frequency-dependent behavior of the dielectric relaxation matches well with the fitting result by the Debye equation, as already shown in Fig. 1͑a͒ . However, the Debye equation is no longer useful for describing the temperature dependence of the diffuse dielectric anomaly, which is found as a diffusive peak. As was described in Fig. 3͑b͒ , the real part of the dielectric constants should be saturated to ⑀ s or decrease inversely with the temperature due to the temperature dependence of the polarizability. 17 That is, the Debye equation explains only the half side of the temperature dependence on the diffuse dielectric anomaly in the case that the main parameter is the relaxation time.
5-7,8 -10,18 -21
Considering that the relaxation time varies exponentially with the temperature, another exponential parameter should be added to the Debye equation to fit the temperature dependence of the diffuse dielectric anomaly. Therefore, the authors have experimentally suggested the modified form of the relaxation strength in the Debye relaxation equation. [8] [9] [10] Equation ͑4͒ shows that the relaxation strength, ⌬⑀ is modified to an exponential variation term, ⑀ ⌬ exp(E ⑀ /k B T):
where ⑀ ⌬ is a constant related to the amplitude of the relaxation strength and E ⑀ is the activation energy for the relaxation strength variation. Equation ͑4͒ practically describes the temperature dependence of the diffuse dielectric anomaly observed in undoped, and MnO 2 -doped (Pb,La͒TiO 3 and BaTiO 3 ceramics and single crystals. On the basis of this result, the authors have proposed that the diffuse dielectric anomaly is a combined phenomenon of the dielectric relaxation/polarization and the electrical conduction. Figure 4 represents the temperature dependence of the relative dielectric constant and the dielectric loss in PLZT͑10/40/60͒ and BaTiO 3 ceramics, respectively. In the case of PLZT͑10/40/60͒ ceramics, where the diffuse dielectric anomaly is not observed, the dielectric loss only increases monotonously, where the electrical conduction term, / dominates in the imaginary part. Meanwhile, the temperature-dependent behavior of the dielectric loss is observed differently in BaTiO 3 ceramics. The dielectric loss peak by the dielectric relaxation is observed near the left side of the diffuse dielectric anomaly as a convoluted form with the dielectric loss by the total electrical conduction. Figure 4 clearly supports that the diffuse dielectric anomaly is the combined phenomenon of the dielectric relaxation/ polarization and the electrical conduction.
C. Suggestion of modified Debye relaxation equation
In this study, the Debye relaxation equation is modified with the electrical conduction parameter of the relaxing species in a reasonable way to describe the temperature dependence of the diffuse dielectric anomaly. When the dipolar relaxation by defects occurs in the lattice, the relaxation strength, ⌬⑀ϭ⑀ s Ϫ⑀ ϱ is expressed by the following equation:
where N d is the number of defect dipoles, is the dipole moment, k B is the Boltzman constant, and T is the absolute temperature. Therefore, the overall relaxation equation is described by Eq. ͑6͒:
The total dipole number in a system is assumed to be constant at a given temperature in the Debye relaxation equation. This assumption is no longer available when the temperature varies and the electrical conductivity of the system changes. That is, the relaxing species also starts to contribute to the electrical conduction as a conducting carrier by moving when they are thermally excited with the temperature. If the dipole does not make any contribution to the electrical conduction, the temperature dependence of the dielectric relaxation will be explained by Eq. ͑6͒. In the case of the diffuse dielectric anomalies found in SrTiO 3 -based perovskite oxides near room temperature, the temperature-dependent behaviors of the real and imaginary parts seem to be described with the Debye relaxation equation as mentioned in Eq. ͑6͒. 18, 21 In these cases, the diffuse dielectric anomaly is more asymmetric than those found at the high-temperature region of 400-700°C. The decreasing rate of the dielectric relaxation peaks tends to be similar to the inverse temperature, as schematically shown in Fig. 3͑b͒ .
However, in the temperature range of 400-700°C, the electrical conduction increases intensively, as already shown in Fig. 4 . Especially, it should be noted that the dipoles of the diffuse dielectric anomaly are related to oxygen vacancies and electrons released from them, which were extrinsically formed during the sample preparation process. In this case, the motion of the free charges by the electric field can be regarded as the dielectric polarization by the dipoles. We define it as a mobile dipole. When there is a drift motion of free electrons or vacancies, that is, the dielectric polarization occurred by the mobile dipole, the complex electrical conductivity is expressed by the following relationship with the complex dielectric permittivity: 17, 22 *ϭi⑀*, ͑7͒
where * is the complex conductivity, and ⑀* is the complex permittivity. Under the dc electric field, the electrical conduction and the dielectric displacement by the relaxing species are not distinguished microscopically because both of them are induced from the motion of the free charges by the electric field. Instead, the phase difference occurs under the ac electric field, as shown in Eq. ͑7͒. The ac conductivity is expressed by the following equation:
where dc is the dc electrical conductivity by the relaxing species, and c is the conductivity relaxation time, or meanfree time of the relaxing species. It should be noted that the c Ӷ1 in the case of the electrons because the mean-free time of the electrons is very short in the ceramics. Therefore, we assume that the relaxing species is the thermal motion of the oxygen vacancies. This assumption is also consistent with the oxygen vacancy hopping model. 7 The following relationship is established between the ac conductivity and the dielectric permittivity:
where p is the dielectric relaxation time, which is discriminated from the c , the conductivity relaxation time. A simple comparison of these expression leads to the relaxation parameters:
It should be noted that the relaxation strength includes both the dielectric relaxation time and electrical conductivity by the relaxing species. Therefore, the resultant dielectric relaxation equation is expressed by the following equation: make a contribution to the dielectric relaxation/polarization or not. Therefore, the real part of the dielectric constant is expressed by the similar form in Eq. ͑4͒:
where ⑀ ⌬ ϭ po ϫ o , and E ⑀ ϭE p ϪE . The activation energy of the electrical conduction, E , is expected to depend on the conduction mechanism of the relaxing species. From this process, Eq. ͑4͒, which was experimentally suggested, is induced. Especially, E ⑀ is defined as the difference between the activation energy for the dielectric relaxation and the electrical conduction. As was mentioned earlier, this equation describes that the diffuse dielectric anomaly is a competitive effect of the dielectric polarization and the electrical conduction by the relaxing species. This equation also shows that the decreasing rate of the diffuse dielectric anomaly is determined with the competition between the relaxation time variation and the electrical conduction of the relaxing species. Figure 5 shows the frequency-and temperaturedependent behaviors of the diffuse dielectric anomaly in BaTiO 3 ceramic and single crystal. The solid lines are fitted results using Eq. ͑13͒. Table II lists the fitting parameters. E obtained from the fitting process are 1.41 and 1.54 eV for BaTiO 3 ceramics and single crystals, respectively. These values are slightly higher than those from the conventional Debye fitting in the case of BaTiO 3 , as was listed in Table I . However, it should be noted that the higher ␤ was used in the modified fitting than in the conventional Debye fitting. It proves that the activation energies obtained from Eq. ͑13͒ are more consistent than those from the conventional Debye frequency fitting. It is considered that the activation energy for the dielectric relaxation should be quantitatively similar regardless of the kind of perovskite oxides because they have the same relaxing species. Table III lists the activation energies obtained in the modified fitting process. The conductivity activation energy, E , was calculated from the difference between E and E ⑀ . The conductivity activation energy of the relaxing species is in the range of 0.36 -0.67 eV in various systems, as shown in Table I . According to Chan et al., 24 the activation energy for oxygen vacancy diffusion is 1.1 eV at high temperature in BaTiO 3 . Also, Waser has reported that the temperature dependence of the ionic conductivity reveals an activation energy of 1.0-1.1 eV for the diffusion of oxygen vacancies in SrTiO 3 . 25 It is expected that the activation energy for the thermal motion of oxygen ions/vacancies is about 1 eV in perovskite oxides at the high-temperature region where the diffuse dielectric anomaly is observed. However, the activation energy for the electrical conduction listed in Table III is lower than this value. Figure 6 shows the schematic diagram of the thermal motion of the oxygen vacancies. Figure 6 describes that the activation energy for the short-range motion between the equivalent sites is averagely about 1 eV in the case of oxygen vacancies in the perovskite structure. However, all lattice sites are not ideally equivalent. Locally, there might be a loose site for oxygen vacancies to need less activation energy in order to make a motion or hopping. Also, there might be a tough site for them to need more activation energy. It is considered that thermal motion of the oxygen vacancies is not consistent in the imperfect regions such as grain boundaries, metal-oxide interfaces, or around voids. In these regions the vibrational motion of the oxygen vacancies, the polarization by the mobile dipole, is relatively easy. Meanwhile, the mobile dipoles are expected to be relaxed in the case where the activation energy for the thermal motion is higher than the average value of about 1 eV. The activation energy for the dielectric relaxation is about 1.41-1.57 eV in this study, while the conductivity activation energy is about 0.36 -0.67 eV. Conclusively, we suggest that the origin of the activation energy of the dielectric relaxation/polarization is related to the barrier energy of the thermal motion of the oxygen vacancies.
IV. SUMMARY
The diffuse dielectric anomaly at the high-temperature region of 400-700°C was investigated in perovskite-type ferroelectric oxides such as undoped and MnO 2 -doped (Pb,La͒TiO 3 , BaTiO 3 ceramics and single crystals, and (Pb,La͒͑Zr,Ti͒O 3 ceramics. The oxygen-related processing parameter critically influenced the diffuse dielectric anomaly in perovskite oxides. Therefore, we confirmed that the diffuse dielectric anomaly in perovskite is an extrinsic phenomenon.
We have induced the modified form of the Debye relaxation equation by introducing the definition of the mobile dipole, which is formed by the thermal motion of oxygen vacancies in order to explain the temperature-dependent be- havior of the dielectric relaxation. We concluded that the diffuse dielectric anomaly is the competition phenomenon of the dielectric relaxation/polarization and the electrical conduction by the oxygen vacancy. By using the modified Debye equation, we have established a clear relationship between the dielectric relaxation/polarization and the electrical conduction by the relaxing species at the high-temperature region in perovskite-type ferroelectric oxides.
